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Abstract. Interferometric synthetic aperture radar (InSAR) data collected in 
the Coso geothermal area, eastern California, during 1993-1999 indicate ground 
subsidence over a ,-•50 km •' region that approximately coincides with the production 
area of the Coso geothermal plant. The maximum subsidence rate in the peak 
of the anomaly is •3.5 crn yr -•, and the average volumetric rate of subsidence 
is of the order of 10 • m a yr -•. The radar interferograms reveal a complex 
deformation pattern, with at least two irregular subsidence peaks in the northern 
part of the anomaly and a region of relative uplift on the south. We invert the 
InSAR displacement data for the positions, geometry, and relative strengths of 
the deformation sources at depth using a nonlinear least squares minimization 
algorithm. We use elastic solutions for a prolate uniformly pressurized spheroidal 
cavity in a semi-infinite body as basis functions for our inversions. Source depths 
inferred from our simulations range from 1 to 3 km, which corresponds to the 
production depths of the Coso geothermal plant. Underpressures in the geothermal 
reservoir inferred from the inversion are of the order of 0.1-1 MPa (except a few 
abnormally high underpressures that are apparently biased toward the small source 
dimensions). Analysis of the InSAR data covering consecutive time intervals 
indicates that the depths and/or horizontal extent of the deformation sources may 
increase with time. This increase presumably reflects increasing volumes of the 
subsurface reservoir affected by the geothermal exploitation. We show that clusters 
of microearthquakes associated with the geothermal power operation may result 
from perturbations in the pore fluid pressure, as well as normal and shear stresses 
caused by the deflation of the geothermal reservoir. 
1. Introduction 
Many natural and man-induced processes result in 
injection and withdrawal of fluids in the Earth's inte- 
rior. Examples include migration of magmatic fluids 
at depth, oil and gas recovery, liquid waste disposal, 
and geothermal energy production. These processes 
are commonly accompanied by deformation of the host 
rocks. When such deformation can be detected and 
monitored, it may provide important insights about the 
extent, morphology, and dynamics of subsurface fluid 
reservoirs. Interferometric synthetic aperture radar (In- 
SAR) techniques provide a unique opportunity to infer 
the host rock deformation induced by fluid migration at 
depth by measuring displacements of the Earth surface 
over the areas of interest [e.g., Massonnet et al., 1997; 
Rosen et al., 1996; Fielding et al., 1998]. Unlike other 
geodetic methods that rely on essentially point mea- 
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surements at the Earth surface, InSAR readily provides 
surface displacement maps having large spatial coverage 
(>104 km2), high spatial resolution (up to several me- 
ters), and accuracy of the order of 1 cm [Goldstein et al., 
1993; Massonnet and Feigl, 1998]. This paper is a case 
study of crustal deformation associated with geothermal 
production in the Coso geothermal area, central eastern 
California, inferred using the interferometric synthetic 
aperture radar observations. 
The Coso geothermal field is located in central east- 
ern California between the southern Sierra Nevada and 
Argus Range (Figure 1). Tectonically, this area corre- 
sponds to the transition zone between the strike-slip 
San Andreas fault and extensional Basin and Range 
province[Walter and Weaver, 1980; Roquemore, 1980]. 
This area has experienced intense magmatism during 
the last several million years [DuJfield et alo, 1980], 
with local topography dominated by numerous rhyolitic 
domes and lava flows. Cenozoic volcanic rocks and shal- 
low alluvial deposits overlie Mesozoic basement com- 
posed mostly of granitic and metamorphic rocks. Re- 
sults of K-At dating indicate that volcanic activity has 
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Figure 1. Geographic setting of the area of study. 
Solid squares on the topographic map and in the in- 
set show the area of the ERS radar image (track 170, 
frame 2880, descending orbit). White arrow indicates 
the satellite radar look direction. White rectangle out- 
lines the Coso geothermal area (shown in detail in Fig- 
ure 3). For the Coso area, projections of a unit vector 
toward the satellite onto the east, north, and up axes 
are 0.38,-0.09, and 0.92, respectively. 
persisted in this area since 4 Ma, with the youngest vol- 
canics erupted as recently as 40,000 years ago [Lanphere 
et al., 1975; Duffield et al., 1980]. Radiometric ages 
of the volcanic rocks, together with surface geothermal 
phenomena [Austin and Pringle, 1970], high heat fluxes 
[Combs, 1980], and increased attenuation and reduced 
velocities of the seismic waves in the upper to middle 
crust [Reasenberg et al., 1980; Young and Ward, 1980] 
are interpreted as indicating the existence of a long-lived 
magmatic system beneath the Coso area. This mag- 
matic system is thought to be a primary heat source 
for the Coso geothermal field [Smith and Shaw, 1975; 
Duffield et al., 1980]. 
Geothermal resources in the Coso area are actively 
exploited. Owned by the U.S. Navy, the Coso geother- 
mal plant is the second largest in the United States 
with an annual energy output of 300 MW. Geother- 
mal recovery began in 1987, resulting in more than 200 
development wells [Wohletz and Heiken, 1992]. Pro- 
duction involves reinjecting the extracted geothermal 
fluids back into the underground reservoir and is associ- 
ated with intense microseismicity [Feng and Lees, 1998]. 
The microearthquakes are presumably induced by pres- 
sure perturbations due to fluid circulation within the 
geothermal system [Pearson, 1981; Fehler, 1989; Feng 
and Lees, 1998], although particular relationships be- 
tween seismicity and plant operation are poorly under- 
stood. Because the Coso geothermal plant is located in 
a tectonically active area, separation of microse. ismicity 
induced by the geothermal production from the "back- 
ground" seismicity due to tectonic stresses is a difficult 
task. The Coso region is one of the most seismically ac- 
tive areas in southern California [Walter and Weaver, 
1980; Hauksson et al., 1995]. More than 7000 earth- 
quakes with body wave magnitudes mb from 0 to 5+ 
have been recorded in the region from 1980 to 1998 by 
the Southern California Seismic Network operated by 
the Caliornia Institute of Technology and the U.S. Ge- 
ological Survey. Most earthquakes occur at depths of 1 
to 8 km in a zone striking approximately north to south 
[Walter and Weaver, 1980; Roquemore, 1980]. Focal 
mechanisms indicate NNE normal, NW right-lateral, 
and NE left-lateral faulting, consistent with active west- 
east extension in the area. As we shall demonstrate in 
sections 3 and 4, surface deformation measured by In- 
SAR may be used to delineate the areas affected by 
stress perturbations due to geothermal production and 
to help to understand possible causative links between 
the geothermal plant operation and observed seismic 
activity. 
2. Data Processing 
We use radar images acquired by the European Space 
Agency satellites, ERS-1 and-2, between July 1993 and 
July 1998. The synthetic aperture radar (SAR) im- 
ages produced by the ERS satellites consist of an am- 
plitude and phase of a backscattered radar signal at 
a wavelength of 5.6 cm. A difference in radar phase 
between two subsequent SAR acquisitions (i.e., an in- 
terferogram) may be used to detect a relative motion 
between the satellite and the Earth's surface during the 
time interval between the data collection. (For an intro- 
duction to the InSAR method, see Gabriel et al. [1989], 
Coldstein et al. [1993], and Massonnet and Feigl [1998].) 
The Coso area is well-suited for study using InSAR be- 
cause it is located in an arid semidesert environment 
with little or no vegetation, so that the surface reflec- 
tivity is sufficiently high, and the reflectivity pattern 
does not significantly change with time. Inspection of 
the ERS data indicates that the radar scenes in the 
area maintain correlation over time intervals as long as 
6 years (i.e., for a total period of observations between 
1993 and 1999). The geographic location of the radar 
scene used in this study and the radar acquisition dates 
are shown in Figures I and 2. 
The raw ERS data were processed using the Jet 
Propulsion Laboratory (JPL)/Caltech software package 
ROI_PAC. Both "two-pass" and "four-pass" interfero- 
metric techniques were employed in our analysis. In the 
two-pass method, effects of the topography on interfer- 
ometric fringes are removed using a digital elevation 
model (DEM) [Zebker and Goldstein, 1986]. Because 
the topography variations in the Coso area are sub- 
stantial, with elevation changes of more than I km, a 
good DEM model is essential for the two-pass data pro- 
cessing. We concatenated a digital elevation model for 
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Figure 2. ERS radar acquisitions used in this study. Horizontal axis is time in years and months 
(J, January; M, May; S, September), and vertical axis is the across-track distance between 
the satellite orbits, in hundreds of meters, referenced to the most recent radar scene (May 1, 
1999). Crosses mark acquisition dates, labels denote respective satellite and orbit numbers, 
and lines connect interferometric pairs used in this study. The maximum baseline separation 
for the interferometric pairs shown is 104 m, which corresponds to an ambiguity height (i.e., a 
topographic relief capable of generating one interferometric fringe [e.g., Zebker and Goldstein, 
1986]) of-•100 m. 
the Coso area from 81 USGS 7.5 min digital elevation 
maps (see Figure 3). In the four-pass method, topo- 
graphic effects are removed using an additional short- 
term interferometric pair [Gabriel et al., 1989; Goldstein 
et aL, 1993]. In our four-pass data processing topo- 
graphic corrections are made using two InSAR pairs 
acquired in a "tandem mode" on October 13-14, 1995, 
and May 10-11, 1996, respectively. We find that both 
two-pass and four-pass techniques give rise to essentially 
similar results, which implies that the digital elevation 
model used is sufficiently accurate. This conclusion is 
confirmed by the absence of any topography-correlated 
fringes on a short-term InSAR pair May 10-11, 1996 (see 
Figure 2) processed using a two-pass technique. After 
corrections for topography, the major factor limiting 
measurements of surface deformation is a variability in 
atmospheric onditions (e.g., a moisture content in the 
troposphere) [Goldstein, 1995; Zebker et al., 1997]. Be- 
cause of their essentially random nature, atmospheric 
effects are difficult to account for. In practice, inter- 
ferometric fringes produced by a long-term surface de- 
formation may be distinguished from those due to the 
(presumably short-term) atmospheric "noise" by ana- 
lyzing signal persistence in a particular area over (1) 
several consecutive interferograms, and/or (2) several 
"simultaneous" interferograms spanning approximately 
the same time interval [Goldstein, 1995; Massonnet and 
Feigl, 1995; Tarayre and Massonnet, 1996]. Below we 
report the results obtained using the two-pass method 
only (note that the .four-pass interferograms may in- 
herit atmospheric anomalies from an interferometric 
pair used for topographic corrections). 
Plate 1 shows deformation observed in the Coso geo- 
thermal area between 1993 and 1998. Ground motion 
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Figure 3. Shaded relief map of the Coso area. Coordi- 
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detected by InSAR is a projection of surface displace- 
ments onto the line of sight of the satellite. Because 
the satellite look direction has a steep incidence angle 
(-,• 23 ø from vertical for the area of study) and because 
of the expected nature of deformations in a geothermal 
area, the line of sight displacements shown in Plate 1 
may be interpreted as reflecting mostly vertical mo- 
tions of the ground. The same interferometric pattern 
is seen on all long-term interferograms analyzed (see 
Figure 2). The size and sign of the observed anomaly 
indicate ground subsidence in the region of •050 km 2, 
approximately coinciding with the production area of 
the Coso geothermal plant. Interferograms shown in 
Plate 1 suggest that the subsidence rate may be nearly 
steady state, with maximum subsidence rate in the peak 
of the anomaly of 3-4 cm yr -1 and volumetric subsi- 
dence rate of the order of --106 m 3 yr -1. Note that 
because the phase difference is a relative measure of 
ground motions, the radar's line of sight displacements 
are defined up to an arbitrary constant. In Plate 1 we 
choose this arbitrary constant such that the line of sight 
displacements on the periphery of the inferred subsi- 
dence anomaly are approximately zero. As can be seen 
in Plate 1, the anomaly is consistent in the interfero- 
grams that overlap in time (compare Plates la and lc 
to lb and ld). Some of the differences between the in- 
terferograms that cover similar time intervals may be 
due to atmospheric effects. In particular, atmospheric 
effects seem to be responsible for essentially random 
perturbations in the radar phase difference along the 
edges of the InSAR images shown in Plate 1. Otherwise, 
overall similarity of the observed signal on the respec- 
tive simultaneous pairs highlights systematic changes in 
the anomaly pattern with time (e.g., compare Plates lc 
and ld). In particular, the two largest subsidence peaks 
in the western and northern part of the anomaly seem 
to broaden, and perhaps even to merge with time. This 
evolution of the deformation anomaly is quantified in 
section 3 and further discussed in section 4. Another 
expression of time-dependent deformation in the Coso 
geothermal area is a progressive expansion of the sub- 
sidence anomaly to the south of the main production 
area (Plates lb and ld). This southward expansion of 
subsidence is seen in all InSAR images acquired after 
1995 except in the July 25, 1998/September 28, 1996, 
interferometric pair (not shown) where this subsidence 
is less conspicuous, presumably because of the atmo- 
spheric effects . 
1999]. However, ground displacements as inferred from 
the InSAR data in the Coso geothermal area (Plate 1) 
exhibit a pattern that is too complicated to be explained 
in terms of a point source model. In particular, all four 
interferograms shown in Plate 1 indicate that the defor- 
mation region is irregular, with several essentially non- 
axisymmetric peaks of subsidence and at least one area 
of relative uplift (trending north-south near the south- 
ern edge of the subsidence bowl). To test how well 
different models are able to explain the observed defor- 
mation pattern we performed nonlinear inversions of the 
InSAR data employing multiple isotropic point sources 
[Mogi, 1958] and finite prolate spheroidal sources [Yang 
et al., 1988]. Results of our simulations are summa- 
rized in Table 1. Table I shows the mean square misfit 
R(M) that minimizes the L2 norm [Press et al., 1992, 
p. 682] 
1 •(yi-f(xi, lVI)) • R(M) = n - m i-1 gri , (1) 
where M is the model parameters' vector having length 
ra, n is the number of data points, y is the data vec- 
tor, f is the model prediction at a given point xi• and 
cri(i = 1, n) are individual standard deviations of 
or data weights. Unfortunately, uncertainties in the 
radar line of sight displacement measurements (essen- 
tially cri) cannot be readily estimated. Therefore in our 
calculations we used cri=const=cr. A particular value 
of cr was chosen such that the mean square misfit 
is of the order of unity for the best fitting model; this 
gives rise to cr -,• 0.3 cm (see Table 1). These values 
of cr are of the same order as the amplitude of high- 
frequency noise present in most of the interferograms 
(see Plates 2d and 3d), presumably due to atmospheric 
effects. This correspondence is consistent with a large 
fraction of the InSAR measurement errors being due to 
variations in the atmospheric conditions. 
Table 1. Mean Square Misfit R (Equation (1)) 
Number of 
Sources N Mogi Source Prolate Spheroid 
Interferornetric Pair May 10, 1996/September 15, 1993 a 
1 7.18 4.58 
2 3.79 2.16 
3 3.62 1.52 
4 1.96 1.06 
5 1.50 0.93 
3. Modeling and interpretation 
The simplest model relating ground surface defor- 
mations to volume changes at depth is an isotropic 
point pressure source in a uniform elastic half-space 
[Mogi, 1958]. Point pressure sources have been widely 
used to interpret surface displacements due to various 
processes involving fluid pressurization at depth Ie.g., 
Davis, 1986; Lanari et al., 1998; Carnec and Fabriol, 
Interferometric Pair October 3, 1998/May 10, 1996 b 
1 5.15 3.49 
2 2.75 1.63 
3 2.00 1.29 
4 1.53 1.17 
5 1.35 1.11 
14170, rr: 0.26 cm (see equation (1)). 
13070, rr = 0.3 cm. 
FIALKO AND SIMONS- DEFORMATION AT COSO 21,785 
a 
16 
14 , 
.•2 
'-• 8 
z 
• 6 
4 
0 
0 
95/09/08 - 93/07/07 
;, 
2 4 6 
':' / 14 
E 12 
t 
z 
• 6 
1 t • 
o 
8 10 12 14 16 18 0 
W-E distance, km 
-8 -6 -4 -2 0 
96/05/10 - 93109/15 
. ¸ 
-, I 
6 8 10 12 
W-E distance, km 
14 16 
-10 -8 -6 -4 -2 0 
16 
14 
•E12 
• 8 
.b 
, 
98/06/20 - 96/05/11 
•¸ / 
- / 
IIi, 
16 
14 
• •2 
•o 
• 8 
z 
• 6 
98/10/03 - 96/05/10 
'.I/ I 
"'•'•,/ o ß - O0 2 4 6 8 10 1-2 14 16 18 0 2 4 6 8 10 12 
W-E distance, km W-E distance, km 
I 
// 
14 16 18 
-6 -4 -2 0 -8 -6 -4 -2 0 
Plate 1. Four long-term interferometric pairs depicting ground deformation in the Coso geother- 
mal field: (a) September 8, 1995/July 7, 1993, (b) June 20, 1998/May 11, 1996, (c) May 10, 
1996/September 15, 1993, and (d) October 3, 1998/May 10, 1996. Reference frame in all inter- 
ferograms is the same as in Figure 3. Interferometric pairs were filtered, unwrapped, averaged 
over 4 x 4 pixel bins, and converted from the phase difference in radians to the line of sight 
displacements in centimeters. White spots mark areas of decorrelation and/or layovers due to 
topographic slopes steeper than the -,• 23 ø incidence angle of the radar. 
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As one can see from Table 1, point sources fit the data 
less successfully than finite spheroidal sources (this re- 
sult might be expected because of a greater number of 
degrees of freedom associated with a finite spheroidal 
source model). Therefore we choose a combination of 
pressurized finite prolate ellipsoids of an arbitrary orien- 
tation [Yang et al., 1988] as basis functions for our sim- 
ulations. We invert the observed surface displacements 
(Plate 1) for the positions, geometry, and strengths 
of multiple spheroidal pressure sources in an elastic 
half-space using Levenberg-Marquardt nonlinear least 
squares algorithm [Dennis and $chnabel, 1983]. While 
the Yang et al. [1988] model assumes a fiat surface of 
an elastic half-space, we simulate the contributions of 
topography by allowing the source depths to vary with 
local relief at a point of observation [e.g., Williams and 
Wadge, 1998]. (Calculations neglecting topographic ef- 
fects were performed as well; they yielded results sim- 
ilar to those presented below.) Each spheroidal source 
is characterized by eight degrees of freedom, namely, 
three spatial coordinates of the spheroid center Xo, yo, 
and zo, constant excess pressure within a spheroid AP 
(i.e., the difference between the source pressure and the 
ambient lithostatic pressure), major and minor axes of 
a spheroid a and b, and strike and dip of the major axis 
½o• and 0a, respectively. Inversions including variable 
number of sources N indicate that increases in N cease 
to produce a significant improvement in the data fit for 
N > 4- 5 (Table 1). Below we report the inversion 
results for N = 5. Thus each inversion amounts to a 
41-parameter fit (ra - 5 x 8 plus a constant line of sight 
shift). In the process of inversion, displacements at the 
free surface of a half-space are computed by superpos- 
ing solutions for individual sources. Source interaction 
(e.g., a •nodification of the constant pressure boundary 
condition at a source surface due to other sources) is 
neglected. Superposed vertical and horizontal surface 
displacements are projected on a look vector of a satel- 
lite to compute the radar line of sight displacements. 
Iterations continue until the relative reduction in the 
mean square misfit R (equation (1)) becomes less than 
10 -3 [Press et al., 1992, p. 685]. Results of the inver- 
sion for the interferometric pairs May 10, 1996/Septem- 
ber 15, 1993, and October 3, 1998/May 10, 1996, are 
shown in Plates 2 and 3, respectively, and summarized 
in Table 2. 
The source depths obtained from the inversions range 
from I to 3 km (Table 2). These depths correspond 
to the production depths of the Coso geothermal plant 
[ Wohletz and Heiken, 1992; Feng and Lees, 1998]. In 
the model of deformation that occurred between be- 
tween September 15, 1993, and May 10, 1996, sources 
I and 2 (see Plate 2) are responsible for the maximum 
subsidence amplitudes, while the deeper and larger source 
3 accounts for the the bulk of the subsidence volume. 
The depth of 3 km inferred for the source 3 in the result 
of our inversion may in fact be an upper limit, because 
deformation similar to that due to a prolate spheroid 
can be also produced by a horizontal oblate (i.e., crack- 
like) deformation source located at a shallower depth 
Table 2. Source Parameters Obtained From tim Inversion 
Para•neters Sources 
1 2 3 4 5 
Interferometric pair May 10, 1996/September 15, 1993 
Xo, km 5.50 q- 0.01 8.19 q- 0.03 9.02 q- 0.04 6.05 q- 0.02 7.44 q- 0.06 
yo, km 7.97 q- 0.01 10.15 q- 0.01 9.61 q- 0.07 6.95 q- 0.07 4.82 q- 0.13 
Depth zo, km 0.97 q- 0.01 0.94 q- 0.01 3.08 q- 0.04 2.00 q- 0.04 1.17 q- 0.09 
AP/• x 105, Pa -476.2 q- 631.0 -8.4 q- 16.1 -3.3 q- 3.5 -7.9 ñ 5.5 3.2 q- 2.9 
Major axis a, km 0.67 ñ 0.04 1.78 ñ 0.06 6.58 q- 0.12 3.27 + 0.12 2.49 + 0.13 
Minor axis b, km 0.17 q- 0.11 0.48 q- 0.47 1.46 q- 0.79 1.03 q- 0.36 0.68 q- 0.29 
Strike Ca, deg 354.4 q- 2.3 243.7 ñ 0.4 9.3 q- 0.5 355.9 ñ 0.7 200.9 q- 0.9 
Plunge Oa, deg 2.9 q- 2.4 0.3 q- 0.8 9.4 q- 0.5 8.5 q- 1.9 2.2 q- 1.2 
Interferometric Pair October 3, 1998/May 10, 1996 
Xo, km 5.68 q- 0.03 7.29 q- 0.05 8.91 q- 0.03 5.87 q- 0.17 6.35 q- 0.36 
yo, km 7.81 ñ 0.02 9.84 q- 0.05 9.08 ñ 0.10 5.38 ñ 0.07 5.56 q- 0.29 
Depth Zo, km 2.09 q- 0.06 0.83 q- 0.03 2.66 q- 0.04 1.80 q- 0.12 2.52 q- 0.36 
Ap//• x 105, Pa -70.1 q- 41.9 -3.8 q- 26.0 -2.7 q- 2.1 -82.6 q- 121.1 13.4 q- 122.7 
Major axis a, km 1.89 q- 0.07 2.91 q- 0.17 6.56 q- 0.12 0.98 q- 0.39 2.75 ñ 0.69 
Minor axis b, km 0.56 q- 0.17 0.51 q- 1.81 1.56 q- 0.61 0.32 q- 0.23 0.48 q- 2.16 
Strike ½•, deg 100.3 q- 7.6 312.9 q- 0.5 182.4 q- 0.5 284.3 q- 5.0 237.9 q- 5.8 
Plunge Oa, deg 76.7 q- 1.1 0.8 q- 1.0 5.6 q- 0.5 0.3 q- 16.0 44.2 q- 5.8 
Parameter uncertainties represent diagonal elements of the estimated covariance matrix of the standard 
errors in the fitted parameters. Source depths, Zo, are given with respect to local elevations of the source 
epicenters (Xo, yo). We assume the Poisson's ratio of 0.25 in all calculations. 
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Plate 2. (a) Observed line of sight (LOS) displacements, in centimeters, for the time interval 
September 15, 1993, to May 10, 1996. Circles denote shallow earthquakes (hypocenter depths 
< 5 km) that occurred in the map area during the same time period. Rectangles outline earth- 
quake swarms associated with the deformation anomaly. White lines denote profiles shown in 
Plate 2d. Areas of image decorrelation and presumed atmospheric noise (in particular, positive 
LOS displacements on the edges of the interferogram, see Plate 2a and main text) are shown in 
white; data from these areas were not included in the inversions. (b) Best fitting model obtained 
from the inversion. Numbers mark projections of the centers of spheroidal pressure sources onto 
the surface. Source parameters are given in Table 2. Arrows denote horizontal displacements 
predicted by the model. (c) Residual LOS displacements produced by subtracting the model 
(Plate 2b) from the data (Plate 2a). (d) South-north (blue dots, solid line) and west-east (red 
dots, dashed line) profiles across the deformation anomaly. Dots are the observed, and lines are 
the calculated line of sight displacements along the profiles shown in Plates 2a and 2b. For each 
along-profile coordinate, the observed LOS displacements are plotted for 3 pixels adjacent to a 
profile (pixel size is 120 x 120 m). 
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Plate 3. Same as Plate 2, for the time interval May 10, 1996, to October 3, 1998. Positive LOS 
displacements are presumed to be due to atmospheric effects (Plate 3a) and not included in the 
inversion. The southern extension of the subsidence anomaly (see Plates 3a and 2a) is assumed 
to be of a shallow origin and also excluded from the inversion. This gave rise to relatively large 
residuals in the eastern and southwestern parts of the area of study, as seen in Plates 3c and 3d. 
Note a broadening of the subsidence peak corresponding to the source I compared with the time 
period September 15, 1993, to May 10, 1996 (Plate 2). 
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(Y. A. Fialko et al., Deformations due to a pressur- 
ized horizontal circular crack in an elastic half-space, 
with applications to volcano geodesy, Part 1, Theory, 
submitted to Geophysical Journal International, 2000). 
Crack-like source geometries are not incorporated in our 
inversion routine as, to the best of our knowledge, accu- 
rate solutions for elliptical cracks in an elastic half-space 
are not yet available. 
As mentioned above, addition of sources 4 and 5 only 
slightly reduces the ntisfit between the model and the 
data (Table 1). Source 4 models what seems to be a 
southern extension of the main subsidence peak (source 
1), and source 5 (the only source representing a dilation 
rather than compaction) accounts for a local uplift in 
the southern part of the subsidence bowl (see Plates 1 
and 2). In the model for the October 3, 1998/May 10, 
1996, pair (Plate 1), source I produces both the max- 
imum subsidence amplitude and the maximum subsi- 
dence volume. Assuming an effective shear modulus 
/• - 10 GPa, from Table 2 one may deduce the ex- 
cess source pressures of the order of a few hundreds of 
kilopascals to a few megapascals (note that a negative 
AP corresponds to underpressure). The only exception 
is the excess pressure of source 1, which is inferred to 
be of the order of several tens of megapascals between 
1993 and 1996. This excess pressure is of the order of 
the rock tensile strength and may be too high if inter- 
preted at face value. However, in the model considered, 
the source excess pressure AP may be dependent on 
the inferred source volume V [e.g., Davis, 1986]. For a 
point source the excess source pressure and the source 
volume cannot be determined independently from the 
inversion of the surface displacement data as the source 
"strength" is characterized by a product AP x V. The 
finite spheroid model in principle allows the determi- 
nation of the characteristic source dimensions provided 
they are nonnegligible compared to the source depth 
(note, however, that the Yang et al. [1988] model be- 
comes inaccurate when the radius of curvature of the 
upper surface of a spheroidal source becomes compa- 
rable to the source depth). If the characteristic source 
dimensions are much smaller than the source depth (i.e., 
a, b << Zo), they become subject to trade-offs with the 
excess source pressure, as in the case of a point source. 
This likely explains large uncertainties in AP and b in- 
ferred from the inversion for some sources (e.g., sources 
2 and 4, see Table 1), as well as unrealistically high 
values of the excess pressure AP inferred for source 1. 
Unfortunately, in situ measurements of fluid pressures 
in the production wells of the Coso geothermal plant 
are proprietary and not available for comparison with 
our modeling results. Note that if the data on the ex- 
cess fluid pressures were available, our modeling results 
could provide constraints on the volumes of the reser- 
voir rocks subjected to these excess pressures. 
4. Discussion 
Published data suggest that ground subsidence may 
be a common feature in geothermal production ar- 
eas [Narasimhan and Goyal, 1984; Massonnet et al., 
1997; Vadon and Sigmundsson, 1997; Carnee and Fab- 
riol, 1999]. Possible physical causes of volume changes 
causing subsidence include depletion of fluid storage, 
thermal contraction, and host rock compaction (e.g., 
pore collapse) due to decreasing pore pressures [e.g., 
Narasimhan and Goyal, 1984]. Compaction is unlikely 
to be the cause of the observed deformation in Coso 
as the geothermal reservoir there is composed of ig- 
neous rocks with permeability predominantly controlled 
by fractures [Bishop and Bird, 1987]o Both reduction 
in the reservoir pressure and thermal contraction could 
contribute to the observed subsidence pattern• The av- 
erage cooling rate • required to produce the observed 
deformation can be estimated as follows: 
c•V0' (2) 
where c• is a coefficient of thermal expansion of the 
host rocks, V0 is the volume of the host rocks that un- 
dergo cooling (as an approximation, we assume that V0 
is constant), and I), is the volumetric rate of surface 
subsidence taken as a proxy for the contraction rate 
due to cooling. Using typical values of the coefficient 
of thermal expansion for silicate rocks, c• -• O(10 -5) 
K -1, where K is a degree kelvin, the observed volumet- 
ric subsidence rates of the order of 106 m 3 yr -1 might 
be produced by the bulk cooling rates of a few degrees 
to a few tens of degrees per year provided that the the 
reservoir volumes affected by cooling, V0, are a few tens 
of cubic kilometers to a few cubic kilometers, respec- 
tively. Assuming that the geothermal plant efficiency e 
is of the order of a few percent, the rate of the thermal 
e.nergy loss /• inferred from the reservoir subsidence, 
E = cpl)•c•-•, where cis the heat capacity and p is the 
host rock density, is sufficient to maintain the genera- 
tion of e/• m 300 MW of electricity (i.e., the capacity of 
the geothermal plant [Wohletz and Heiken, 1992]). 
While the above arguments imply that a substantial 
part of the observed subsidence may be caused by ther- 
mal contraction alone, the localized nature of the sub- 
sidence peaks, as well as the existence of a dilatational 
source (source 5 in Plates 2 and 3 and in Table 2) sug- 
gest that pore pressure variations are likely to be in- 
volved in producing the observed deformation, at least 
locally. Correlation between subsidence and reservoir 
pressure drop is well documented in several geother- 
mal production areas, for example in the Geysers [Loft 
gren, 1978] and Cerro Prieto [Carnec and Fabriol, 1999] 
geothermal fields. It is interesting to note that in both 
of the mentioned locations local uplifts similar to that 
shown in Plates 2 and 3 were observed. These up- 
lifts have been attributed to the elevated fluid pressures 
caused by reinjection of the steam condensate back to 
the reservoir [Lofgren, 1978; Carnee and Fabriol, 1999]. 
In principle, increases in pore pressures resulting from 
fluid injection may reduce the effective normal stress 
and increase the tendency for failure along the suitably 
oriented slippage planes [Pearson, 1981; Fehler, 1989]. 
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In the Coso area, microseismicity clearly exhibits clus- 
tering of microearthquakes in the area of relative uplift 
in the southern part of subsidence bowl (represented by 
source 5 in our models, see Plates 2a and 3a). This is 
consistent with the inferred uplift being a result of pore 
pressure increases due to injection of condensate. We 
believe that clusters of earthquakes to the south-west 
of the local uplift (i.e., at the southernmost tip of the 
subsidence anomaly, see Plates 2 and 3) also result from 
fluid reinjection into the reservoir. This area (outlined 
by a larger rectangle in Plates 2a and 3a) has the highest 
concentration of development wells in the Coso geother- 
mal field [Feng and Lees, 1998]. The fluid reinjection 
in this area, however, is not conspicuously expressed in 
a relative surface uplift. Strong clustering of microseis- 
micity around the regions of steam extraction and fluid 
injection has been observed in other geothermal pro- 
duction areas [Narasimhan and Goyal, 1984]. Ma9'er 
and McEvilly [1979] suggested that a microearthquake 
activity can also be caused by volume changes due to 
fluid withdrawal and subsidence. 
To address the question to what extent (if any) the 
geothermal production in Coso affects the microearth- 
quake activity, we analyzed the pattern of seismicity in 
the area of study prior to the commencement of geother- 
mal recovery. Figure 4 shows epicenters of earthquakes 
shallower than 5 km that occurred in the area during 
1980-1987. By comparing Figure 4 to Plates 2a and 3a 
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Figure 4. Distribution of shallow (depth < 5km) 
earthquakes in the Coso area during 1980-1987. Circles 
on the right denote the magnitude scale. Rectangles 
outline the areas of seismicity associated with deforma- 
tion due to the geothermal production, as in Plates 2a 
and 3a. Note the lack of earthquake activity inside the 
outlined areas during 1980-1987 (i.e., before the pro- 
duction commencement). 
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Figure 5. Geometry of the deformation sources ob- 
tained in the result of the inversion of the InSAR data 
collected between 1993 and 1996. Notation is the same 
as in Plate 2 and Table 2. Line A-A' denotes a seismic- 
ity trend apparent from Plates 2 and 3 and 4. 
one can see that the areas of most intense seismicity 
associated with the deformation anomaly are not con- 
spicuous on the 1980-1987 seismicity map. Therefore 
it is likely that the current concentration of seismic- 
ity at the southern edge of a subsidence bowl is in- 
duced by the geothermal plant activity. Note that the 
microearthquake clusters in the larger box shown in 
Plates 2a and 3a seem to be aligned along a northwest 
trend that is also apparent in the seismicity pattern 
prior to 1987 (Figure 4) [see also Walter and Weaver, 
1980]. NW-SE alignment of the earthquake epicenters 
may manifest a subvertical fault (or system of faults) 
that was apparently brought on the verge of failure in 
the vicinity of the geothermal production area. One 
possible mechanism by which geothermal production 
can decrease the effective shear strength of preexisting 
weakness planes relates to increases in the pore fluid 
pressure due to fluid injection, as discussed above. Here 
we will evaluate the direct effect of changes in the nor- 
mal and shear stresses due to the geothermal reservoir 
deformation deduced from the InSAR data. In gen- 
eral, contraction of the geothermal reservoir tends to 
decrease normal stress on the planes that are tangential 
to the surface subsidence anomaly [e.g., Thatcher and 
Savage, 1982]. Provided that the deformation occurs 
slowly compared to the characteristic relaxation time 
for pore fluid pressure (i.e., at essentially drained con- 
ditions [Rice and Cleary, 1976]), this decrease in nor- 
mal stress is able to reduce effective shear strength on 
suitably oriented fracture planes. Figure 5 shows the 
geometry of the deformation sources inferred from our 
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inversions for the interferometric pair 1993 and 1996 
(see Plate 2 and Table 2), and a projection of a hypoth- 
esized fault plane on the surface (line A-A • in Figure 5). 
Normal and maximum shear stresses resolved on that 
plane due to the spheroidal pressure sources are shown 
in Figure 6 along with the earthquakes that occurred 
within 1 km from the plane A-A • during the respective 
time period. Decreases in normal stress are taken to be 
positive. Although the earthquake locations may be un- 
certain up to 1 kin, in general, the earthquake clusters 
occur in the areas where normal stress is decreased and 
maximum shear stress is increased by a few hundreds 
of kilopascals. Static stress perturbations of this mag- 
nitude have been suggested to be significant for earth- 
quake triggering in seismically active areas [e.g., King 
et al., 1994]. Results similar to those shown in Figure 6 
were also obtained for the time period from 1996 to 
1998. 
Feng and Lees [1998] calculated principle stresses in 
the Coso area by using earthquake focal mechanisms 
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Figure 6. Calculated normal and maximum shear 
stress induced on the plane A-A • (see Figure 5) by 
the deformation sources inferred from the inversion of 
the InSAR data. Circles denote earthquake locations. 
Alignment of seismicity in vertical streaks is an artifact 
of the earthquake coordinate round-off errors. Stress 
contour lines have units of 105 Pa (1 bar). Decreases in
the normal stress are taken to be positive. Note that 
the stress calculations become inaccurate in the regions 
where the deformation sources intersect the A-A • plane; 
these regions are approximately outlined by the maxi- 
mum shear stresses •, 3 x 105 Pa. 
and identified a transition from a transtensional regime 
within the geothermal production area to a transpres- 
sional regime on its periphery. They found that the 
orientation of the principle stresses may change quite 
abruptly on a spatial scale of <( 1 kin, and concluded 
that for this reason the neighboring earthquake clusters 
occur "in geologically isolated blocks" [Fen9 and Lees, 
1998, p. 243]. However, comparison of stress inversions 
of F½'aE and Lees [1998] with our results indicates that 
the nearly vertical orientation of the maximum com- 
pressive stress within the geothermal field may be ex- 
plained by horizontal extension at depth due to the 
reservoir subsidence and concomitant bending of the 
overlying strata. In particular, a transition in the focal 
mechanisms between the earthquake clusters shown in 
Figure 6 and the earthquakes immediately to the north 
(clusters COSO-SW, COSO-SE, and COSO-NW in the 
notation of Feng and Lees [1998]) essentially coincides 
with the southern boundary of the subsidence anomaly 
(see Plates 2a and 3a). 
Comparison of consecutive interferograms (e.g., Plates 
la, lb, and lc, ld) indicates that the main subsidence 
peaks broaden with time and may even overlap on the 
interferograms corresponding to the time period from 
1996 to 1998. This is manifested in general increases 
in the source depths and/or volumes inferred from our 
inversions (see Table 2). To further test this temporal 
variability in the geometry of the subsurface geothermal 
reservoir, we performed a series of inversions in which 
the spheroid shapes and positions were assumed to be 
constant in time but the excess source pressures were 
allowed to vary. These simulations gave rise to a some- 
what poorer fit to the data than individual inversions 
shown in Plates 2 and 3. However, we point out that 
the inherent nonuniqueness of the inversions, uncertain- 
ties in the data, and idealizations implicit in our forward 
models do not allow a robust determination of the time- 
dependent evolution of the deformation sources beneath 
the Coso geothermal area. As discussed above, the in- 
ferred broadening of the subsidence anomalies may re- 
flect deepening and/or lateral expansion of the deforma- 
tion sources and (in some average sense) an increase in 
the reservoir volume affected by the geothermal produc- 
tion. These effects may be caused by progressive cooling 
and thermal contraction of the host rocks and/or de- 
creases in the reservoir pressure due to fluid withdrawal. 
Further advances in understanding the mechanisms of 
deformation in the Coso geothermal field may be made 
if the in situ measurements of pressures and tempera- 
tures within the geothermal system become available. 
For example, borehole records may help to determine 
the origin of the observed ground subsidence (e.g., ther- 
mal contraction vs. fluid loss), and constrain the vol- 
umes of the reservoir rocks affected by stress pertur- 
bations due to the geothermal energy production. Re- 
gardless of whether the observed ground displacements 
in the production area of the Coso geothermal plant 
are caused by temperature or pore fluid pressure ef- 
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fects, the deformation sources inferred from the inver- 
sions of geodetic data (e.g., Figure 5) likely represent 
regions of an enhanced fluid circulation (and, perhaps, 
an increased permeability of the host rocks) within the 
geothermal reservoir. In principle, this conclusion may 
be tested using geophysical (e.g., seismic or geoelectric) 
techniques. Investigations of the seismic velocity, atten- 
uation, and anisotropy structure of the Coso geothermal 
area [Wu and Lees, 1999; Lees and Wu, 1999] reveal 
anomalous regions that can be broadly related to our in- 
ferred deformation sources, but more detailed compar- 
isons are required to establish possible spatial correla- 
tions between the inferred seismic and geodetic anoma- 
lieso 
5. Conclusions 
InSAR observations of ground deformation associated 
with geothermal heat production in the Coso geother- 
mal area reveal a broad subsidence over •50 km 2, with 
two localized subsidence peaks separated by several 
kilometers in the western and northeastern part of the 
anomaly and a relative uplift at the southern edge of 
the subsidence bowl. This subsidence likely results from 
the geothermal reservoir cooling and/or depletion. The 
inferred subsidence rate is •3-4 cm yr -1 in the peak 
of the anomaly, and the average volumetric subsidence 
rate is •106 m 3 yr -1. Such deformation may be typi- 
cal for many exploited geothermal fields. We model the 
Earth surface displacements inferred from the InSAR 
data using a combination of spheroidal pressure sources 
in an elastic half-space. Source depths obtained from 
our modeling range from 1 to 3 kin, coinciding with the 
production depths of the Coso geothermal plant. Anal- 
ysis of consecutive interferograms shows that the subsi- 
dence peaks broaden with time, which may indicate the 
increasingly larger and/or deeper parts of the geother- 
mal reservoir are affected by the geothermal produc- 
tion. Simulations of the stress state in the upper crust 
based on our inversion results suggest that a signifi- 
cant fraction of seismicity induced by the geothermal 
plant operation may result from perturbations in the 
effective stress caused by fluid injection and contrac- 
tion of the geothermal reservoir. Our modeling results 
point out that a transition from a transtensional stress 
regime within the geothermal area to a transpressional 
regime on its periphery inferred from inversions of the 
earthquake focal mechanisms may be due to flexure of 
the uppermost crust associated with geothermal subsi- 
dence. 
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